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IN-VEHICLE SYSTEM FOR COMPARING A
STATE OF A VEHICLE CABIN BEFORE AND
AFTER A RIDE

FIELD

This disclosure relates generally to vehicle cabin systems
and, more particularly, to a system and method for compar-
ing a state of a vehicle cabin before and after a rnide.

BACKGROUND

Unless otherwise indicated herein, the materials described
in this section are not prior art to the claims 1n this appli-
cation and are not admitted to the prior art by inclusion 1n
this section.

As the technologies move towards autonomous driving,
new business models with new sets of challenges are going,
to develop. Particularly, self-driving taxis, shuttles, and
freight transportation vehicles may be one of the first
applications for fully autonomously driving cars. While
self-driving vehicles will offer cost savings and possibilities
for added efliciency that can be passed onto the user or
customer 1n the form of lower prices, increased tlexibility,
and increased availability, the lack of a human driver pres-
ents a new set of challenges. Particularly, without a human
driver, the car itself may need to take on the task of
understanding the state of the car interior, which may
include identifying left-behind objects (e.g. cell phones,
bags, umbrellas, etc.), identifying 11 and when cleaning or
other maintenance 1s needed, or identilying an emergency
situation 1n which emergency services (e.g., police or ambu-
lance) need to be called. Therefore, 1t 1s desirable or even
necessary for an autonomous vehicle to have a system in the
vehicle that can itelligently sense the vehicle interior to
detect certain events of interest.

Many attempts have been made for driver and passenger
monitoring (e.g., face tracking, eye tracking and gesture
recognition). However, less attention has been paid to sens-
ing of the mterior environment within the vehicle. Conse-
quently, improvements to systems and methods for in-
vehicle would be beneficial.

SUMMARY

A system for monitoring a scene in an interior of a cabin
of a vehicle 1s disclosed. The system comprises a plurality of
sensors, each sensor 1n the plurality of sensors configured to
output a respective sensor signal, at least one sensor 1n the
plurality of sensors being configured measure an aspect of
the interior of the cabin; and a processing system operably
connected to the plurality of sensors and having at least one
processor. The processing system 1s configured to: receive
cach respective sensor signal from the plurality of sensors;
determine, during a first time period, (1) a reference value for
a lirst attribute of the interior of the cabin based on a first
sensor signal from a first sensor in the plurality of sensors,
(1) a reference value for a second attribute of the interior of
the cabin based on a second sensor signal from a second
sensor 1n the plurality of sensors, and (111) a reference value
for a third attribute of the interior of the cabin based on the
reference value for the first attribute and the reference value
for the second attribute; determine, during a second time
period that 1s subsequent to the first time period, (1) a current
value for the first attribute of the interior of the cabin based
on the first sensor signal from the first sensor 1n the plurality
of sensors, (11) a current value for the second attribute of the
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interior of the cabin based on the second sensor signal from
the second sensor in the plurality of sensors, and (111) a
current value for the third attribute of the interior of the
cabin based on the current value for the first attribute and the
current value for the second attribute; and determine a
change 1n the interior of the cabin by comparing the current
value for the third attribute with the reference value for the
third attribute.

A method for monitoring a scene 1n an interior of a cabin
of a vehicle 1s disclosed. The method comprises receiving,
with a processing system, a respective sensor signal from
cach of a plurality of sensors, the processing system being
operably connected to the plurality of sensors and having at
least one processor, each sensor 1n the plurality of sensors
being configured to output the respective sensor signal to the
processing system, at least one sensor in the plurality of
sensors being configured measure an aspect of the interior of
the cabin; determining, with the processing system, during a
first time period, (1) a reference value for a first attribute of
the interior of the cabin based on a first sensor signal from
a first sensor 1n the plurality of sensors, (11) a reference value
for a second attribute of the interior of the cabin based on a
second sensor signal from a second sensor 1n the plurality of
sensors, and (111) a reference value for a third attribute of the
interior of the cabin based on the reference value for the first
attribute and the reference value for the second attribute;
determining, with the processing system, during a second
time period that 1s subsequent to the first time period, (1) a
current value for the first attribute of the interior of the cabin
based on the first sensor signal from the first sensor 1n the
plurality of sensors, (1) a current value for the second
attribute of the interior of the cabin based on the second
sensor signal from the second sensor in the plurality of
sensors, and (111) a current value for the third attribute of the
interior of the cabin based on the current value for the first
attribute and the current value for the second attribute; and
determining, with the processing system, a change in the
interior of the cabin by comparing the current value for the
third attribute with the reference value for the third attribute.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing aspects and other features of the system
and method are explained 1n the following description, taken
in connection with the accompanying drawings.

FIG. 1 shows a simplified block diagram of a vehicle
having a cabin and an in-vehicle system for monitoring the
cabin.

FIG. 2 shows a block diagram of the in-vehicle system
with a detailed illustration of one embodiment of the scene
estimator.

FIG. 3 shows a simplified exemplary decision table used
in a sensor fusion process for determiming an air quality
attribute of a passenger in the cabin.

FIG. 4 shows a flow diagram for an exemplary sensor
fusion process for determining a cleanliness attribute of the
cabin of the vehicle.

FIG. 5 shows a flow diagram for an exemplary training
process for tuning model parameters used by the sensor
fusion module to determine streams of attributes.

DETAILED DESCRIPTION

For the purposes of promoting an understanding of the
principles of the disclosure, reference will now be made to
the embodiments illustrated 1n the drawings and described in
the following written specification. It 1s understood that no
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limitation to the scope of the disclosure 1s thereby intended.
It 1s further understood that the present disclosure includes

any alterations and modifications to the illustrated embodi-
ments and includes further applications of the principles of
the disclosure as would normally occur to one skilled 1n the
art which this disclosure pertains.

In-Vehicle System Overview

FIG. 1 shows a simplified block diagram of a vehicle 100
having a cabin 102 and an 1in-vehicle system 104 for
monitoring the cabin 102. Although the vehicle 100 1s
illustrated herein as automobile, the vehicle 100 may simi-
larly comprise any number of types of vessels having a cabin
102 for moving people or cargo, such as trains, buses,
subways, aircraits, helicopters, passenger drones, subma-
rines, elevators, passenger moving pods. The cabin 102
(which may also be referred to herein as a compartment) 1s
a typically closed room for accommodating passengers or
cargo. Although the vehicle 100 1s illustrated as having a
single cabin 102, the vehicle 100 may include any number
of individual and separate cabins 102 (e.g., multiple com-
partments or rooms 1nside a train car).

The m-vehicle system 104 1s configured to monitor and/or
estimate a state or scene 1nside the cabin 102 of the vehicle
100 by comparison with a reference state or scene 1nside the
cabin 102. The in-vehicle system 104 comprises a sensing
assembly having one or more sensors 106, 108, a scene
estimator 110, a virtual assistant 112, and an actuator 114.
The sensors 106, 108, a scene estimator 110, a wvirtual
assistant 112, and an actuator 114 are communicatively
coupled to one another via a plurality of communication
buses 116, which may be wireless or wired.

The sensor(s) 106, 108 are configured to measure, cap-
ture, and/or receive data relating to attributes the interior of
the cabin 102, including any passenger 1n the cabin 102 or
objects brought into the cabin 102. In the illustrated embodi-
ment, two sensors 106, 108 are illustrated. However, any
number of sensors 106, 108 can be included 1n the system
104 for estimating the state of the interior of the cabin 102.
As used herein, the term “attribute” refers to a state, char-
acteristic, parameter, aspect, and/or quality. Exemplary sen-
sors 106, 108 may include a video camera, an acoustic
transducer such as a microphone or a speaker, an air quality
sensor, a 3D object camera, a radar sensor, a vibration
sensor, a moisture sensor, a combination thereof, or any
suitable sensors. In some embodiments, the sensors 106, 108
themselves are not necessarily arranged 1nside the cabin 102,
but are nevertheless configured to measure, capture, and/or
receive data relating to attributes the interior of the cabin 102
(e.g., a radar sensor arranged outside the compartment might
provide information about the interior of the compartment).
In at least one embodiment, 1n the case of multiple cabins
102 1 the vehicle 100, the sensors of the in-vehicle system
104 includes a corresponding set of sensors 106, 108 for
cach individual cabin 102.

The scene estimator 110 1s communicatively coupled to
the sensors 106, 108 via the communication buses 116. The
scene estimator 110 comprises at least one processor and/or
controller operably connected to an associated memory. It
will be recognized by those of ordinary skill in the art that
a “controller” or “processor” includes any hardware system,
hardware mechanism or hardware component that processes
data, signals, or other information. The at least one processor
and/or controller of the scene estimator 110 1s configured to
execute program 1nstructions stored on the associated
memory thereof to manipulate data or to operate one or more
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components in the in-vehicle system 104 or of the vehicle
100 to perform the recited task or function.

The scene estimator 110 1s configured to receive sensor
signals from each of the sensors 106, 108. The sensor signals
received from the sensors 106, 108 may be analog or digital
signals. As will be described 1n greater detail elsewhere
herein, the scene estimator 110 1s configured to determine
and/or estimate one or more attributes of the mterior of the
cabin 102 based on the received sensor signals, individually,
and based on combinations of the received sensor signals.
Particularly, 1n at least one embodiment, the scene estimator
110 1s configured to determine one or more attributes of the
interior of the cabin 102 based on each individual sensor
signal received from the multiple sensors 106, 108. Next, the
scene estimator 110 1s configured to determine one or more
additional attributes of the interior of the cabin 102 based on
a combination of the attributes that were determined based
on the sensor signals individually. These additional attri-
butes of the interior of the cabin 102 determined based on a
combination of sensor signals received from the multiple
sensors 106, 108 can be seen as one or more complex
“virtual” sensors for the interior of the cabin 102, which may
provide indications of more complex or more abstract attri-
butes of the iterior of the cabin 102 that are not directly
measured or measurable with an individual conventional
SENSor.

Exemplary attributes of the interior of the cabin 102
which are determined and/or estimated may include attri-
butes relating to a condition of the interior of the cabin 102,
such as air quality, the presence of stains, scratches, odors,
smoke, or fire, and a detected cut or breakage of any vehicle
fixtures such as seats, dashboard, and the like. Further
exemplary attributes of the interior of the cabin 102 which
are determined and/or estimated may include attributes
relating to an object that 1s either left behind in the cabin 102
by a passenger or brought into the cabin 102 by the pas-
senger that does not otherwise belong in or form a part of the
interior of the cabin 102, such as a box, a bag, a personal
belonging, a child seat, or so forth.

In at least one embodiment, the scene estimator 1S con-
figured to, during a reference time period, capture reference
signals for the sensors 106, 108 and/or determine reference
values for at least some of the attributes determined by the
scene estimator. The reference signals and/or reference
values for the determined attributes may be captured once
(e.g., after the system 104 1s installed), periodically, and/or
before each passenger and/or set of cargo enters the cabin
102. The scene estimator 110 1s configured to store the
reference signals and/or reference values for the determined
attributes 1n an associated memory. In some embodiments,
the scene estimator 110 1s configured to use to reference
signals 1n the determination of the attributes of the interior
of the cabin 102. Particularly, in some embodiments, the
scene estimator 110 1s configured to account for changes 1n
the condition of the cabin 102 between time of reference
data capture and time of current status estimation to provide
a more accurate determination of the current attributes of the
interior of the cabin. For example, the scene estimator 110
may use reference signals to account for and/or compensate
for changes 1n outside lighting conditions (e.g. intensity or
direction of sun light or any other external light source)
and/or changes 1n outside air condition
The attributes determined by the scene estimator 110
collectively represent an estimation of the scene inside the
interior of the cabin 102. In at least one embodiment, the
scene estimator 110 1s configured to, during a reference time
period, determine reference values for each of the attributes
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that comprise the estimation of the scene inside the interior
of the cabin 102, to provide a reference scene estimation A.
In one embodiment, the references scene estimation A 1s
determined while the cabin 102 1s empty (i.e., the cabin 102
contains no passengers or cargo). In one embodiment, the
references scene estimation A 1s determined while the cabin
102 1s known to be clean (e.g., alter a cleaning of the cabin
102). The reference scene estimation A may be captured
once (e.g., after the system 104 is installed), periodically,
and/or before each passenger and/or set of cargo enters the
cabin 102. For example, 1n the case that the vehicle is
utilized for an autonomous taxi service or the like, the scene
estimator 110 may be configured to capture the reference
scene estimation A every morning at the taxi depot and/or
before each passenger enters the vehicle 100. In some
embodiments, multiple references scene estimations may be
captured. For example, the scene estimator 110 may be
configured to capture a reference scene estimation A, after
the system 104 1s installed, capture a reference scene esti-
mation A, every morning at the taxi depot, and capture a
reference scene estimation A, before each passenger enters
the vehicle 100.

The scene estimator 110 1s configured to store the refer-
ence scene estimation(s) A in an associated memory for
comparison with later determined scene estimations. Par-
ticularly, the scene estimator 110 1s configured to, during a
subsequent time period, determine new values for each of
the attributes that comprise the estimation of the scene inside
the interior of the cabin 102, to provide a scene estimation
B. For example, 1n the case that the vehicle 1s utilized for an
autonomous taxi service or the like, the scene estimator may
be configured to capture the scene estimation B every night
when the vehicle returns to the taxi depot and/or after each
passenger exits the vehicle 100.

The scene estimator 110 1s configured to compare the
values of the reference scene estimation(s) A with the values
of the scene estimation B to determine changes 1n one or
more attributes of the interior of the cabin 102. For example,
based on the comparison, the scene estimator 110 may
determine that an item has been left 1n the cabin 102 by a
passenger or that a seat in the cabin has a stain on it. The
scene estimator 110 1s configured output to the wvirtual
assistant 112 a signal or message indicating the changes 1n
the scene of the interior of the cabin 102. In some embodi-
ments, 1 response to detecting a particular change in an
attribute of the interior of the cabin 102, the scene estimator
110 and/or the virtual assistant 112 1s configured trigger one
or more ameliorative actions, such as scheduling a cleaning
of the vehicle or notifying a passenger of a forgotten item.
In some embodiments, scene estimator 110 1s configured to
ignore certain types of changes in the scene of the interior of
the cabin 102 as not being relevant for the output of scene
estimator 110. For example, scene estimator 110 may be
configured to 1gnore a changed position of a seat belt, a
changed position or orientation of a seat or neck rest, a
changed position of a control element (e.g. steering wheel or
door handle), or a changed position of objects belonging to
the cabin 102 (e.g. floor mats).

The virtual assistant 112 1s communicatively coupled to
the scene estimator 110 via the communication buses 116.
The virtual assistant 112 comprises at least one processor
and/or controller operably connected to an associated
memory. It will be recognized by those of ordinary skill in
the art that a “controller” or “processor” includes any
hardware system, hardware mechanism or hardware com-
ponent that processes data, signals, or other information. The
at least one processor and/or controller of the virtual assis-
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tant 112 1s configured to execute program instructions stored
on the associated memory thereof to manipulate data or to

operate one or more components in the in-vehicle system
104 or of the vehicle 100 to perform the recited task or
function.

The virtual assistant 112 1s at least configured to receive
the signal or message indicating the changes in changes in
the scene of the interior of the cabin 102 from the scene
estimator 110. In at least one embodiment, the virtual
assistant 112 1s configured to triggers one or more actions
based on the signal or message indicating the changes in
changes in the scene of the interior of the cabin 102.
Particularly, 1n many embodiments, the scene estimator 110
does not directly trigger any actions based on the attributes
of the interior of the cabin 102 and only provides the scene
estimation information to the virtual assistant 112, which 1s
responsible for taking action based on the scene estimation
information, when necessary or desired.

In at least one embodiment, the virtual assistant 112 1s
communicatively coupled to one or more actuators 114 of
the vehicle 100, which can be activated to perform various
actions or operations. These actions might be applied to the
interior of the cabin 102 or to other systems outside the cabin
102. In some embodiments, the virtual assistant 112 may be
communicatively coupled to any suitable modules other than
the actuators 114 to cause the modules to activate and
perform one or more actions.

Additionally, in some embodiments, the scene estimator
110 1s also communicatively coupled to the one or more
actuators 114 of the vehicle 100. In some embodiments, the
scene estimator 110 1s configured to operate the actuators
114 to intluence the attributes of the scene of the interior of
the cabin 102 for the purpose of improving the accuracy and
reliability of the scene estimations. At least some of the
actuators are configured to adjust an aspect of the interior of
the cabin that influences at least one of the first sensor signal
and the second sensor signal. The scene estimator 110 1s
configured set one or more actuators 114 to a predetermined
state before and/or during time periods 1n which the refer-
ence scene estimation(s) A and/or the scene estimation B are
determined. For example, the scene estimator 110 may be
configured to operate lights to i1lluminate the cabin 102 or
specific elements within 1t, operate blinds to exclude exterior
light from the cabin, operate a ventilation system to
exchange or clean the air within the cabin, operate an engine
and/or steering wheel to position the vehicle 100 in a
particular manner, operate an engine and/or steering wheel
to move the vehicle 100 slightly to identity lighting artifacts,
operate a seat motor to put the seat to a predetermined
standard position, operate speakers to create a specific
reference or test noise, and/or operate a display to show a
test picture. By operating one or more actuators 114 to 1n a
predetermined state, the quality of the scene estimation may
be 1mproved.

Although the in-vehicle system 104 as illustrated 1s a
stand-alone system, 1n some embodiments, portions of or all
of the functionality of the scene estimator 110 and the virtual
assistant 112 may be implemented by a remote cloud com-
puting device which 1s 1n communication with the i-vehicle
system 104 via an Internet, wherein shared resources, soft-
ware, and mformation are provided to the in-vehicle system

104 on demand.

Scene Estimator

FIG. 2 shows the in-vehicle system 104 with a detailed
illustration of one embodiment of the scene estimator 110.
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The scene estimator 110 comprises a processing system 150.
The processing system 150 comprises one or more indi-
vidual processors, controllers, and the like. Particularly, in
the 1llustrated embodiment, processing system 150 com-
prises a pre-processor assembly 120 having one or more
pre-processors 120a, 1205, and 120¢, a sensor fusion mod-
ule 122 1n the form of at least one processor, and a
post-processor assembly 124 having one or more post-
processors 124a, 124b, and 124c¢. It will be recognized by
those of ordinary skill in the art that a *“processor” or
“controller” 1includes any hardware system, hardware
mechanism or hardware component that processes data,
signals or other information. The individual processors
120a, 12056, 120c¢, 122, 124a, 1245, and 124¢ of the pro-
cessing system 150 described herein may be implemented 1n
the form of a single central processing unit, multiple discrete
processing units, programmable logic devices, one or more
logic gates, ASIC devices, or any other suitable combination
of circuitry for achieving the described functionality.

The scene estimator 110 further comprises one or more
memories and memories 152 and 154. The one or more
individual processors of the processing system 150 are
operably connected to the memories 152 and 154. The
memories 152 and 154 may be of any type of device capable
of storing information accessible by the one or more indi-
vidual processors of the processing system 150. In at least
some embodiments, one or both of the memories 152, 154
are configured to store program instructions that, when
executed by the one or more 1ndividual processors of the
processing system 150, cause the processing system 150 to
manipulate data or to operate one or more components in the
in-vehicle system 104 or of the vehicle 100 to perform the
described tasks or functions attributed to the processing
system 150. The stored program instructions may include
various sub-modules, sub-routines, and/or subcomponents
implementing the features of the individual processors 120aq,
1206, 120c, 122, 124a, 1245, and 124¢ of the processing
system 150.

The memories 152, 154 may include non-transitory com-
puter storage media and/or communication media, such as
both volatile and nonvolatile, both write-capable and read-
only, both removable and non-removable media 1mple-
mented 1n any media or technology, including CD-ROM,
DVD, optical disk storage, magnetic cassettes, magnetic
tape, magnetic disk storage, or other known storage media
technology. In one embodiment, the memory 152 1s a
dynamic memory and the memory 154 is a static memory.
The memories 152, 154 may include any number of memo-
ries and may be partitioned or otherwise mapped to retlect
the boundaries of the various subcomponents.

In some embodiments, the scene estimator 110 further
comprises a communication iterface assembly 156 having
one or more interfaces 156a, 1565, and 156¢ configured to
couple the processing system 150 with the sensors 106, 108
and the actuators 114. The communication interface assem-
bly 156 1s configured to enable sensor data, control signals,
software, or other information to be transierred between the
scene estimator 110 and the sensors 106, 108 or the actuators
114 1n the form of signals which may be, for example,
clectronic, electromagnetic, optical, or other signals capable
of being received or transmitted by the communication
interface assembly 156. In some embodiments, the commu-
nication interface assembly 156 may include physical ter-
minals for connecting to wired media such as a wired
network or direct-wired communication (e.g., the commu-
nication busses 116). In some embodiments, the communi-
cation interface assembly 156 may include one or more
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modems, bus controllers, or the like configured to enable
communications with the sensors 106, 108 or the actuators

114. In some embodiments, the communication interface
assembly 156 may include one or more wireless transceivers
configured to enable wireless communication such as acous-
tic, RE, mirared (IR) and other wireless communication
methods.

Pre-Processing in the Scene Estimator

As discussed above, 1n the illustrated embodiment, the
processing system 150 includes three pre-processors 120aq,
1205, and 120¢ which are connected to the sensors 106, 108
via the intertaces 1564, 1565, and 156¢ of the communica-
tion 1nterface assembly 156. In the illustrated embodiment,
the pre-processor 120a 1s configured to receive sensor
signals from the sensor 106 and the pre-processors 12056 and
120c¢ are configured to receive sensor signals from the sensor
108. In some embodiments, each pre-processor 120a, 1205,
120¢ 1s further configured to receive feedback or supple-
mentary signals from the sensor fusion module 122. The
sensor signals from the sensors 106, 108 and the feedback or
supplementary signals from the sensor fusion module 122
may be audio signals, digital signals, video signals, mea-
surement signals, or any suitable signals.

It will be appreciated that, more or fewer than three
pre-processors may be included in the processing system
150 depending on the number of sensors 106, 108 and how
many different types of pre-processing 1s to be performed on
cach respective sensor signal received from the sensors 106,
108. Moreover, for some sensors, pre-processing 1s unnec-
essary and no pre-processing 1s performed by any pre-
processor (1.€., the sensor may be connected directly to the
sensor fusion module 122).

Each of pre-processors 120a, 1205, and 120c¢ 1s config-
ured to receive an mdividual sensor signal from one of the
sensors 106, 108 and to extract information from the respec-
tive sensor signal to determine an attribute of the interior of
the cabin 102. More particularly, in at least some embodi-
ments, each of pre-processors 120aq, 1205, and 120c¢ 1s
configured to extract information from the respective sensor
signal to determine a chronological sequence of values for
an attribute of the interior of the cabin 102. This chrono-
logical sequence of values for an attribute 1s referred herein
as a “stream of attributes.” In at least one embodiment, the
individual values 1n the stream of attributes are associated
with a corresponding timestamp. In at least one embodi-
ment, the individual values in the stream of attributes
comprise 1individual data records describing the attribute at
the corresponding timestamp. It will be appreciated, that the
structure of the data records, as well their content, 1s
generally different for each type of attribute represented. The
streams of attributes may have a fixed update rate (e.g., the
pre-processor 1s configured to send a new data record every
second or other predetermined update frequency) or may be
updated non-regularly (e.g. the pre-processor 1s configured
to send a new data record only 1n response to a diflerence in
the output with respect to a previous value reaching a certain
threshold difference).

The data records of the streams of attributes determined
by each the pre-processors 120q, 1205, and 120c¢ may
include number values, text strings, emojis (e.g., still or
dynamic), classifications, and the like. In one example, one
of the pre-processors 120a, 1205, and 120c may be config-
ured to receive carbon dioxide (CO,) air concentration
signal from one of the sensors 106, 108 indicating a CO,
concentration in the air (e.g. inside the cabin 102 or outside
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the vehicle 100) and generate a stream of quality classifi-
cations the of CO, concentration (e.g., bad, okay, and good

classes) based on the CO, air concentration signal. In
another example, one of the pre-processors 120a, 1205, and
120c may be configured to receive a video signal from one
of the sensors 106, 108 and generate a further video signal
in which lighting artifacts are removed, such as strong
sunlight or shadows.

The pre-processors 120a, 1205, and 120¢ may be config-
ured to perform a variety of different pre-processing opera-
tions to in order to ultimately determine the stream of
attributes. In some embodiments, one or more of the pre-
processors 120a, 1206, and 120c¢ may be configured to
sample a recerved sensor signal at predetermined sample
rate. In some embodiments, one or more of the pre-proces-
sors 120aq, 1205, and 120c¢ may be configured to filter a
received sensor signal with a predetermined filter function.
In some embodiments, one or more of the pre-processors
120a, 1205, and 120¢c may be configured to scale or amplify
a received signal. As an example, a pre-processor may be
configured to receive a video signal from a video camera
sensor and remove lighting artifacts. Thus an output signal
of the pre-processor would take the form of one or more
video 1mage Irames having sunlight and/or shadows
removed.

In some embodiments, one or more of the pre-processors
120a, 12056, and 120c¢ are configured to determine a stream
of attributes by classitying the received sensor signal into
one or more classifications from a predetermined set of
possible classes for the particular attribute. In one embodi-
ment, a pre-processor may be configured to classity a sensor
signal by comparing the sensor signal with one or more
predetermined thresholds and/or predetermined ranges cor-
responding each possible class for the particular attribute. As
an example, a pre-processor may be configured to determine
a volatile organic compound (VOC) concentration attribute
by comparing an VOC concentration signal from a VOC
concentration sensor with predetermined thresholds to clas-
sity VOC concentration attribute as being either “low,” or
“high.”

In another embodiment, a pre-processor may be config-
ured to classify a sensor signal by using a neural network,
such as a deep convolutional neural network based classifier
that 1s tramned to output a classification of a particular
attribute using the sensor signal as an iput. In some
embodiments, a pre-processor may be configured to deter-
mine a probability and/or confidence value for each class in
the predetermined set of possible classes for the particular
attribute.

In some embodiments, one or more of the pre-processors
120a, 1205, and 120c¢ are configured to determine a stream
ol attributes by extracting certain features from the sensor
signal. For example, 1n the case of a video signal from a
video camera, a pre-processor may be configured to detect
edges of object and/or persons in the video signal.

In some embodiments, one or more of the pre-processors
120a, 1205, and 120¢ are configured to determine an attri-
bute based on a combination of the respective sensor signal
received from one of the sensors 106, 108 and information
extracted from feedback or supplementary signals from the
sensor fusion module 122.

Sensor Fusion in the Scene Estimator

A sensor fusion module 122 1s configured to receive a
plurality of streams of attributes from the pre-processors
120a, 1205, and 120c¢. In some embodiments, the sensor
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fusion module 122 is configured to receive additional feed-
back or supplementary signals and/or data from the virtual

assistant 112. The sensor fusion module 122 1s configured to,
based on the streams of attributes provided by one or more
of the pre-processors 120a, 1205, and 120c¢, generate one or
more additional streams of attributes relating to the interior
of the cabin 102. The sensor fusion module 122 may be
configured to determine the one or more additional streams
ol attributes of the interior of the cabin 102 using a variety
ol different methods which combine information from mul-
tiple of the sensors 106, 108.

The streams of attributes generated by the sensor fusion
module 122 are essentially similar to the streams of attri-
butes generated by the pre-processors 120a, 1205, and 120c.
The streams of attributes generated by the sensor fusion
module 122 can be seen as one or more complex “virtual”
sensors for the interior of the cabin 102, which provide
indications of more complex or more abstract attributes of
the interior of the cabin 102 that are not directly measured
or measurable with an individual conventional sensor. The
additional streams of attributes output by the sensor fusion
module 122 may have a fixed update rate (e.g., the sensor
fusion module 122 1s configured to send a new data record
every second or other predetermined update frequency) or
may be updated non-regularly (e.g. the sensor fusion module
122 1s configured to send a new data record only 1n response
to a difference 1n the output with respect to a previous value
reaching a certain threshold difference).

In some embodiments, the sensor fusion module 122 1s
configured to use a deterministic algorithm to generate an
additional stream of attributes, such as a decision table,
decision tree, or the like that defines the additional attribute
depending on the values of two or more of the streams of
attributes received from the pre-processors 120a, 1205, and
120c. A detailed example of a decision table 1s discussed
later herein with respect to FIG. 3.

In some embodiments, the sensor fusion module 122 1s
configured to use a probabilistic model to generate an
additional stream of attributes, such as model that defines the
additional attribute depending on a predetermined probabil-
ity distribution and on values of two or more of the streams
of attributes received from the pre-processors 120a, 1205,
and 120c.

In some embodiments, the sensor fusion module 122 1s
configured to use a neural network to generate an additional
streams of attributes, such as a deep convolutional neural
network based classifier that takes as mputs values of two or
more of the streams of attributes received from the pre-
processors 120a, 1205, and 120c.

In one embodiment, the sensor fusion module 122 1s
configured to generate one or more additional streams of
attributes based a combination of the streams of attributes
received from the pre-processing assembly 120 and based
also upon additional feedback or supplementary signals
and/or data received from the virtual assistant 112.

Post-Processing in the Scene Estimator

With continued reference to FIG. 2, the streams of attri-
butes output by the sensor fusion module 122 are provided
to the post-processing assembly 124. In the illustrated
embodiment, the post-processing assembly 124 includes
three post-processors 124a, 1245, and 124¢, which are
operably connected to the sensor fusion module 122 and
configured to receive the streams of attributes output by the
sensor fusion module 122. The post-processors 124a, 124b,
and 124¢ may be configured to perform a variety of different
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post-processing operations on the streams of attributes
received from the sensor fusion module 122.

It will be appreciated that, more or fewer than three
post-processors may be included 1n the processing system
150 depending on the number of outputs provided by the
sensor fusion module 122 and how many diflerent types of
post-processing 1s to be performed on each respective output
of the sensor fusion module 122. Moreover, for some
outputs of the sensor fusion module 122, post-processing 1s
unnecessary and no post-processing 1s performed by any
post-processor (1.e., the output of the sensor fusion module
122 may be connected directly to the virtual assistant 112).
The streams of attributes output by the post-processors
124a, 124b, and 124¢ may have a fixed update rate (e.g., the
post-processor 1s configured to send a new data record every
second or other predetermined update frequency) or may be
updated non-regularly (e.g. the post-processor 1s configured
to send a new data record only 1n response to a difference in
the output with respect to a previous value reaching a certain
threshold difference).

In at least one embodiment, one or more of the post-
processors 124a, 1245, and 124c¢ 1s configured to receive a
stream of attributes from the sensor fusion module 122 and
to filter the values 1n the stream of attributes with a filter,
such as a sliding average filter, a low pass filter, a high pass
filter, a band pass filter. In one example, a post-processor
may be configured to filter stream of attributes so as to
smooth the values of the attribute or to remove noise or
outlier values from the stream of attributes.

In at least one embodiment, one or more of the post-
processors 124a, 1245, and 124¢ 1s configured to scale,
normalize, or amplify the values 1n the stream of attributes.
In one example, 1n the case that the stream of attributes
comprises confidence values for a set of possible classes for
the attribute, the post-processor may scale or normalize the
confldence values such that the sum of the confidence values
for all the possible classes 1s equal to one (such that the
confidence values are probabilities for each of the possible
classes). In another example, the post-processor may select
the class having the highest confidence value as the output
or, alternatively, set the highest confidence value to 100%,
while setting the other confidence values to 0%.

In another embodiment, one or more of the post-proces-
sors 124a, 1245, and 124c¢ 1s configured to receive two
different streams of attributes from the sensor fusion module
122 and to group, pair, combine, or otherwise associate the
values 1n the stream of attributes. As one example, a post-
processor may be configured to correlate values of one
stream of attributes with values of another stream of attri-
butes having the a similar or equal timestamp, thus grouping,
attributes based on the point in time that is represented.

In another embodiment, one or more of the post-proces-
sors 124a, 1245, and 124c¢ 1s configured to receive a stream
of attributes from the sensor fusion module 122 and to
re-sample the wvalues 1n the stream of attributes. For
example, the stream of attributes provided by the sensor
fusion module 122 may have a very high resolution and/or
sample rate. A post-processor may be configured to re-
sample the stream of attributes with a lower resolution or a
lower sample rate, or visa versa. As another example, the
stream of attributes provided by the sensor fusion module
122 may have a highly vaniable update rate. A post-processor
may be configured to re-sample the stream of attributes with
a fixed update rate using interpolation techniques.

In at least one embodiment, the post-processing assembly
124 includes at least one post-processor configured to com-
pare the values of the reference scene estimation(s) A (which

5

10

15

20

25

30

35

40

45

50

55

60

65

12

may be stored 1n one of the memories 152, 154 or another
memory not shown) with the values of the scene estimation

B (i.e., the current streams of attributes provided by the other
post-processors) to determine changes 1n one or more attri-
butes of the interior of the cabin 102. Particularly, at least
one post-processor of the post-processing assembly 124 1s
configured to determine a diflerence between values of the
reference scene estimation(s) A and the corresponding val-
ues of the scene estimation B. The post-processing assembly
124 1s configured output to the virtual assistant 112 a signal
or message mdicating the changes in the scene of the interior
of the cabin 102. In some embodiments, in response to
detecting a particular change in an attribute of the interior of
the cabin 102, the scene estimator 110 and/or the virtual
assistant 112 1s configured trigger one or more ameliorative
actions. In some alternative embodiments, the sensor fusion
module 122, the virtual assistant 112, and/or some other
processing device 1s configured perform the comparison of
the values of the reference scene estimation(s) A with the
values of the scene estimation B to determine changes 1n one
or more attributes of the interior of the cabin 102.

In one embodiment, the virtual assistant 112 1s configured
to receive streams of attributes from the post-processing
assembly 124, which collectively represent an estimation of
the scene inside the interior of the cabin 102. Alternatively,
in some embodiments, the virtual assistant 112 only receives
signal or message indicating the changes 1n the scene of the
interior of the cabin 102. In some embodiments, the virtual
assistant 112 1s configured to provide certain feedback or
supplementary signals to the sensor fusion module 112. As
discussed above, 1n at least one embodiment, the virtual
assistant 112 1s configured to triggers one or more actions
based on the recerved streams of attributes from the scene
estimator 110, which may include operating one or more
actuators 114.

Exemplary Scene Estimation Processes

In order to provide a better understanding of the scene
estimator 110, exemplary scene estimation processes are
described below for determining additional outputs based on
two or more sensor signals. However, it will be appreciated,
that the examples discussed below are merely for explana-
tory purposes to illustrate the breadth of possible sensor
fusion operations that can be performed by the scene esti-
mator and should not be 1nterpreted as to limit the function-
ality of the scene estimator 110.

As a first example, 1n one embodiment, the scene estima-
tor 110 1s configured to determine an air quality attribute of
the cabin 102 of the vehicle 100 using a deterministic
algorithm. FIG. 3 shows a simplified exemplary decision
table 200 used 1n a scene estimation process for determining
an air quality attribute of the cabin 102. In the example, the
scene estimator 110 receives a temperature signal from a
first sensor (e.g., a thermometer installed within the cabin
102) and a VOC concentration signal from a second sensor
(e.g., from VOC concentration sensor installed within the
cabin 102). Corresponding pre-processors in the pre-proces-
sor assembly 120 generate streams of attributes based on the
temperature signal and the VOC concentration signal. Par-
ticularly, a first pre-processor generates a stream of attributes
in which the temperature attribute 1s classified as “low™ (e.g.,
<24 degrees) or “high” (e.g., >24 degrees). A second pre-
processor generates a stream of attributes in which the VOC
concentration attribute 1s similarly classified as “low™ (e.g.,
<500 ppb) or “high” (e.g., =500 ppb). The sensor fusion

module 122 is configured to determine an air quality attri-
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bute with reference the decision table 200 and the classified
temperature and VOC concentration attributes provided
from the pre-processors. Particularly, the sensor fusion mod-
ule 122 1s configured to determine that the air quality 1s
“Dirty” 1n response to the temperature being “low” and the
VOC concentration being “low.” The sensor fusion module
122 is further configured to determine that the air quality 1s
“Clean” 1n response to the temperature being “high” and the
VOC concentration being “low.” The sensor fusion module
122 is further configured to determine that the air quality 1s
“Dirty” 1n response to the temperature being “low’ and the
VOC concentration being “high.”” Finally, the sensor fusion
module 122 1s further configured to determine that the air
quality 1s “Clean” 1n response to the temperature being
“high” and the VOC concentration being “high.” The sensor
fusion module 122 1s configured to output a stream of
attributes indicating the determined air quality.

As second example, 1n one embodiment, the scene esti-

mator 110 1s configured to determine a cleanliness attribute
of the cabin 102 of the vehicle 100 using a probabilistic
and/or machine learning model. FIG. 4 shows a flow dia-
gram for an exemplary scene estimation process 300 for
determining a cleanliness attribute of the cabin 102 of the
vehicle 100. In the example, the in-vehicle system 104
includes sensors A and B which provide sensor signals to the
scene estimator (block 302). The sensor A 1s an air quality
sensor configured to determine concentrations of one or
more particular chemical compounds 1n the air of the cabin
102 and to provide at least one analog air quality signal to
the scene estimator 110. The sensor B 1s a video camera
configured to record video of the interior of the cabin 102
and to provide a digital video signal to the scene estimator
110.

A first pre-processor of the pre-processing assembly 120
1s configured to sample the air quality signal received from
sensor A (block 304) to convert the signal into a digital air
quality signal. Optionally, the first pre-processor of the
pre-processing assembly 120 1s further configured to apply
a digital filter to remove unwanted noise from the digital air
quality signal (block 308). Finally, the first pre-processor of
the pre-processing assembly 120 1s further configured clas-
s11y the chemical compounds 1n the air of the cabin 102 into
one or more classes, based on the digital air quality signal
(block 310). The possible classifications for the chemical
compounds 1n the air of the cabin 102 may, for example,
comprise: volatile organic compounds (VOC), carbon diox-
ide (CO2), carbon monoxide (CO), large particles (PM10)
(e.g., pollen), and small particles (PM2.5) (e.g., dust). Thus,
an exemplary output may take a form such as: VOC: ~300
ppb, CO,: ~100 ppb, CO: ~0 ppb, PM10: 100 ppb, PM2.5:
200 ppb. A stream of attributes A representing the classifi-
cations of for the chemical compounds 1n the air of the cabin
102 are provided to the sensor fusion module 122.

A second pre-processor of the pre-processing assembly
120 1s configured to receive the digital video signal from the
sensor B and remove lighting artifacts from the frames of the
video signal, such as strong sunlight or shadows (block 306).
The second pre-processor of the pre-processing assembly
120 1s further configured to classity the features of the video
based on the digital video signal (block 312). The possible
features that may be classified include, for example, com-
prise Iframes, resolution, or presence of artifacts. Thus, an
exemplary output may take a form such as: as video image
frames: 20 frames, sunlight and shadows removed. A stream
of attributes B representing the classifications of the features
of the video are provided to the sensor fusion module 122.
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The sensor fusion module 122 1s configured to receive the
stream of attributes A representing the classifications of the

chemical compounds in the air of the cabin 102 and the
stream of attributes B representing the classifications of the
features of the video. In one embodiment, the stream of
attributes A and the stream of attributes B are combined
(block 314). The sensor fusion module 122 is configured to
use least one model having model parameters and/or model
data 318 to determine a stream of attributes that classity the
cleanliness attribute of the cabin 102 (block 316) based on
the chemical compounds 1n the air of the cabin 102 (the
stream of attributes A) and the features of the video (the
stream of attributes B). The possible classifications for the
cleanliness of the cabin 102 may, for example, comprise
dirty, clean, stain on seat detected, food detected, or smoke
smell detected. The sensor fusion module 122 calculates
probabilities and/or confidence values for at least some of
possible classification of the cleanliness of the cabin 102.
Thus, an exemplary output may take a form such as: dirty:
80%, stain on seat, Food detected: 90%.

A stream of attributes C representing the classifications of
the cleanliness of the cabin 102 are provided to the post-
processing assembly 124 and/or the virtual assistant 112.
Finally, at least one post-processor of the post-processing
assembly 124 1s configured to perform one or more post-
processing operations, such as scaling, grouping, and re-
sampling (block 320) on the output of the sensor fusion
module 122 (the stream of attributes C). For example, a
post-processor of the post-processing assembly 124 may be
configured to simplily the stream of attributes C by simply
outputting the class having a highest confidence value. As
another example, a post-processor of the post-processing
assembly 124 may be configured to filter the stream of
attributes C so as to eliminate noise and/or outliers (e.g., a
stream comprising mostly clean classifications may have a
random outlier such as a single dirty classification, which
can be filtered out).

After any necessary post-processing, an additional post-
processor ol the post-processing assembly 124, sensor
fusion module 122, and/or the virtual assistant 112 1s con-
figured to compare (block 330) the values of at least one
reference scene estimation 328 with the values of the current
scene estimation (1.e., the current values for at least the
stream of attributes C) to determine changes in the cleanli-
ness of the interior of the cabin 102. The post-processing
assembly 124 1s configured output to the virtual assistant 112
a signal or message indicating the changes 1n the cleanliness

of the interior of the cabin 102. Finally, the process 300 1s
ended (block 326).

Knowledge Database

Returning to FIG. 2, 1n at least one embodiment, the scene
estimator 110 utilizes one or more knowledge databases 126,
128. In one embodiment, the knowledge database 126 1s
stored locally 1in the memory 154 and the knowledge data-
base 128 1s stored remotely, such as on an external server. In
at least one embodiment, the remote knowledge database
128 1s common to multiple vehicles and/or multiple 1n-
vehicle systems, whereas the local knowledge database 126
may incorporate a combination of data that 1s common to
multiple vehicles and data that 1s unique to the particular
vehicle 100. In some embodiments, the local knowledge
database 126 omitted and all of the necessary data 1s stored
remotely 1n the remote knowledge database 128.

In one embodiment, the remote knowledge database 128
has a structure configured to support clustering of knowl-
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edge based on vehicle type or vehicle configuration. In one
embodiment, the local knowledge database 126 and/or the
remote knowledge database 128 1s configured to store infor-
mation related to the vehicle 1n the current condition (e.g.
cabin configuration, typical usage patterns, typical wearing
patterns, typical seating for passengers, etc.). In one embodi-
ment, the local knowledge database 126 and/or the remote
knowledge database 128 i1s configured to store information
related to individual passengers of a vessel (e.g. social media
profiles, applied behavior in previous rides 1n similar ves-
sels, etc.).

As discussed above, the sensor fusion module 122 may be
configured to use a variety of different models for determin-
ing additional streams of attributes based on the streams of
attributes received from the pre-processing assembly 120.
Particularly, in some embodiments, the sensor fusion mod-
ule 122 may utilize determimistic, probabilistic, and/or
machine learning techmiques. The local knowledge database
126 and/or the remote knowledge database 128 1s configured
to store model parameters and/or model data that are used to
determine the additional streams of attributes (shown as
model data 318 1n FIG. 4). In the case of deterministic or
probabilistic techniques, the sensor fusion module 122 1s
configured to determine the additional streams of attributes
with reference to one or more predetermined threshold
parameters, equation parameters, distribution functions, and
the like, the values and details of which may be stored 1n the
local knowledge database 126 and/or the remote knowledge
database 128. Likewise, in the case of machine learning
techniques, the sensor fusion module 122 i1s configured to
determine the additional streams of attributes using an
artificial neural network with reference to trained model
parameters, weights, kernels, etc., the values and details of
which may be stored in the local knowledge database 126
and/or the remote knowledge database 128.

In some embodiments, the local knowledge database 126
and/or the remote knowledge database 128 may be config-
ured to store similar model parameters and/or model data
that are used by the pre-processors of the pre-processing
assembly 120 and/or the post-processors of the post-pro-
cessing assembly 124. However, 1n the illustrated embodi-
ment, such model parameters and/or model data 1s stored on
different memories associated with the pre-processing
assembly 120 or post-processing assembly 124.

In some embodiments, the sensor fusion module 122 1is
configured to store one or more of the determined streams of
attributes 1n the local knowledge database 126 and/or the
remote knowledge database 128. In some embodiments, the
sensor Tusion module 122 1s configured to later retrieve the
stored streams of attributes and determine further streams of
attributes based thereon. In the case that streams of attributes
are stored the remote knowledge database 128, in some
embodiments, the sensor fusion module 122 1s configured to
retrieve streams of attributes that were stored by a sensor
fusion module of another in-vehicle system of another
vehicle, which can be used to determine further streams of
attributes based.

In some embodiments, the sensor fusion module 122 may
obtain or receive information from the virtual assistant 112
via the communication buses 116 in order to extend the
knowledge database(s) 126, 128 or to tune the scene esti-
mation (discussed below). In one embodiment, the virtual
assistant 112 may provide information about the environ-
ment or expected interior status. The sensor fusion module
122 1s configured to use the mnformation provided by the
virtual assistant 112 to improve the condition of the cabin via
tuning the scene estimation. In another embodiment, the
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virtual assistant 112 may provide information that the sensor
fusion module could use to extend the knowledge with a

stakeholder, for nstance. For example, the sensor fusion
module 122 estimates a cleanliness status and the virtual
assistant 112 adds to the status of the cleanliness a rating
from the user. The human perceived cleanliness status along
with the sensor fusion input may be added to the knowledge
database(s) 126, 128 and used by the sensor fusion module
122 to determine the additional streams of attributes.

Training

FIG. 5§ shows an exemplary training process 400 for
tuning model parameters used by the sensor fusion module
122 to determine streams of attributes. Particularly, as
discussed above, the local knowledge database 126 and/or
the remote knowledge database 128 1s configured to store
model parameters and/or model data that are used by the
sensor fusion module 122 to determine the additional
streams of attributes. In some embodiments, the model
parameters, thresholds, etc. are adjusted and/or tuned using,
additional training data (ground truth 422).

As similarly discussed above, with respect to the example
of FIG. 4, the sensor fusion module 122 is configured to
receive streams of attributes A and B from the pre-process-
ing assembly 120 (blocks 314 and 316). The sensor fusion
module 122 1s configured to use at least one model having
model parameters and/or model data 318 to generate an
additional stream of attributes C, which comprises confi-
dence values for each possible classification of the attribute
C. Next, at least one post-processor of the post-processing
assembly 124 i1s configured to perform one or more post-
processing operations, such as scaling, grouping, and re-
sampling on the stream of attributes C, which was generated
by the sensor fusion module 122, as discussed above.

In the exemplary training process 300, the output of the
post-processing assembly 124 of the scene estimator 110 1s
compared with ground truth 422 to determine an error (block
424). The calculated error 1s used to adjust values of the
model parameters and/or model data 318 that are used by the
sensor fusion module 122 to determine the additional
streams of attributes. In one embodiment, a processor of the
processing assembly 150, such as a post-processor of the
post-processing assembly 124, 1s configured to calculate the
error 15 and to adjust the values of the model parameters
and/or model data. However, any processor or processing
system can be used to perform the training and adjustment
of the model parameters and/or model data 318. In the case
that the sensor fusion module 122 utilizes machine learning
techniques to determine the additional streams of attributes,
one or more loss functions can be used to train the model
parameters, weights, kernels, etc.

The ground truth 422 generally comprises labeled data
that 1s considered to be the correct output for the scene
estimator 110, and will generally take a form that 1s essen-
tially similar to estimated output from the scene estimator
110 (e.g., the stream of attributes C after post-processing). In
some embodiments, a human observer manually generates
the ground truth 422 that i1s compared with the estimated
output from the scene estimator 110 by observing the scene
in the interior of the cabin 102. However, depending on the
nature of the attributes of the cabin 102 that are being
estimated by the scene estimator 110, the ground truth can
be derived in various other manners.

In one embodiment, the virtual assistant 112 1s commu-
nicatively coupled to more than one information sources
may request ground truth information relevant to a specific
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scene. The information may include past, future, or predic-
tive information. For example, the virtual assistant 112 may
receive mformation regarding typical air quality readings, at
specific temperatures and humidity. As another example, the
virtual assistant 112 may receive mformation that 1s pub-
lished by the passenger or the stakeholder providing public
services including rental, public transportation, and so forth.
The information published by a stakeholder may include a
service, a product, an ofler, an advertisement, a respond to
a feedback, or the like. The content of the information
published by a passenger may include a complaint, a com-
ment, a suggestion, a compliment, a feedback, a blog, or the
like. Particularly, the passenger might publish information
about the frustration he had during his last ride 1n a car and
the virtual assistant 112 1s configured to map this post to a
specific ride of that passenger. Similarly, the passenger
might give feedback indicating that they have spilt some-
thing or otherwise caused the interior of the cabin to become
dirty. In one embodiment, before regular cleaning or main-
tenance, the status of the interior might be rated.

The training data 1s then stored either in a local knowledge
database 126, the remote knowledge database 128, or com-
bination thereof. In some embodiments, the training data
stored 1n the local knowledge database 126 1s specific and/or
unique to the particular vehicle 100. In some embodiments,
training data stored 1in the remote knowledge database 128 1s
applicable to multiple vehicles. In some embodiments, the

training data may be forwarded to, exchanged between, or
share with other vehicles. In another embodiment, the train-
ing data may be broadcasted to other vehicles directly or
indirectly.

In some embodiments, some portions of the traiming
process for the sensor fusion module 122 can be performed
locally, while other portions of the training process for the
sensor fusion module 122 are performed remotely. After
remote training the updated model data can be deployed to
the scene estimator units 1n the vehicles.

It will be appreciated that training processes similar to
those described above can be applied to the pre-processors
of the pre-processing assembly 120 and the post-processors
of the post-processing assembly 124. Particularly, as dis-
cussed above, at least the pre-processors of the pre-process-
ing assembly 120 may use models that incorporate various
predetermined thresholds, predetermined ranges, and/or
trained neural networks to determine streams of attributes
that are provided to the sensor fusion module 122. These
parameters can be adjusted or tuned based on training data
and/or ground truth, 1n the same manner as discussed above
(e.g., the thresholds used to distinguish between “low” and
“high” classifications for temperature or VOC concentration
can be adjusted). However, 1n at least some embodiments,
the processes performed by the pre-processing assembly 120
and/or the post-processing assembly 124 are broadly appli-
cable operations that are not specific to the particular envi-
ronment of the vehicle (e.g., filtering, edge detection, facial
recognition). Accordingly, the operations of the pre-process-
ing assembly 120 and/or the post-processing assembly 124
are generally tramned 1n some other environment using a
robust set of broadly applicable traiming data.

While the disclosure has been illustrated and described in
detail in the drawings and foregoing description, the same
should be considered as illustrative and not restrictive 1n
character. It 1s understood that only the preferred embodi-
ments have been presented and that all changes, modifica-
tions and further applications that come within the spirit of
the disclosure are desired to be protected.
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What 1s claimed 1s:

1. A system for monitoring a scene 1n an interior of a cabin

of a vehicle, the system comprising:
a plurality of sensors, each sensor in the plurality of
sensors configured to output a respective sensor signal,
at least one sensor in the plurality of sensors being
configured measure an aspect of the interior of the
cabin; and
a processing system operably connected to the plurality of
sensors and having at least one processor, the process-
ing system configured to:
receive each respective sensor signal from the plurality
of sensors;

determine, during a first time period, (1) a reference
value for a first attribute of the interior of the cabin
based on a first sensor signal from a first sensor in the
plurality of sensors, (1) a reference value for a
second attribute of the iterior of the cabin based on
a second sensor signal from a second sensor 1n the

plurality of sensors, and (i11) a reference value for a
third attribute of the interior of the cabin based on the
reference value for the first attribute and the refer-
ence value for the second attribute:
determine, during a second time period that 1s subse-
quent to the first time period, (1) a current value for
the first attribute of the interior of the cabin based on
the first sensor signal from the first sensor in the
plurality of sensors, (11) a current value for the
second attribute of the interior of the cabin based on
the second sensor signal from the second sensor 1n
the plurality of sensors, and (111) a current value for
the third attribute of the interior of the cabin based on
the current value for the first attribute and the current
value for the second attribute; and
determine a change in the interior of the cabin by
comparing the current value for the third attribute
with the reference value for the third attribute.
2. The system according to claim 1 further comprising:
at least one memory operably connected to the processing,
system,
wherein the processing system 1s configured to:
store at least the reference value for the third attribute
in the at least one memory.
3. The system according to claim 1 further comprising;:
an actuator operably connected to the processing system
and configured to adjust an aspect of the interior of the
cabin that influences at least one of the first sensor
signal and the second sensor signal,
wherein the processing system 1s configured to at least
one of (1) prior to the first time period and (11) during the
first time period, operate the actuator to be 1n a prede-
termined state.
4. The system according to claim 3, the processing system
configured to:
at least one of (1) between first time period and the second
time period and (1) during the second time period,
operate the actuator to be 1n the predetermined state.
5. The system according to claim 1, the processing system
configured to:
determine the reference value and the current value of the
first attribute by classilying the first sensor signal as at
least one class from a predetermined set of classes for
the first attribute.
6. The system according to claim 5, the processing system
configured to:
classity the first sensor signal as at least one class from the
predetermined set of classes for the first attribute by
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comparing the first sensor signal with at least one of (1)
a first threshold value and (1) a first range of values.
7. The system according to claim 5, the processing system
configured to:
classify the first sensor signal as at least one class from the >
predetermined set of classes for the first attribute using
a neural network.
8. The system according to claim 5, the processing system
configured to:
determine the reference value and the current value of the
first attribute by determining at least one of (1) prob-
ability and (11) a confidence value for each class in the
predetermined set of classes for the first attribute based
on the first sensor signal.

9. The system according to claim 1, the processing system
configured to:
determine the reference value and the current value of the
first attribute by extracting features from the first sensor
signal using a neural network. 50
10. The system according to claim 1, the processing
system configured to:
determine the reference value and the current value of the
first attribute by at least one of sampling, filtering, and
scaling the first sensor signal. 55
11. The system according to claim 1, the processing
system configured to:
determine the reference value and the current value of the
third attribute with reference to a logic table that
defines a value for the third attribute based on a value ,,
of the first attribute and a value of the second attribute.
12. The system according to claim 1, the processing
system configured to:
determine the reference value and the current value of the
third attribute using a neural network that determines 5
values for the third attribute based on values of the first
attribute and values of the second attribute.
13. The system according to claim 1, the processing
system configured to:
determine the reference value and the current value of the
third attribute by determining a class value selected
from a predetermined set of classes for the third attri-
bute based on values of the first attribute and values of
the second attribute.
14. The system according to claim 10, the processing ,s
system configured to:
determine at least one of (1) the probability and (11) a
conildence value for each class 1n the predetermined set
of classes for the third attribute based on values of the
first attribute and values of the second attribute. 50
15. The system according to claim 11, the processing
system configured to:
determine the reference value and the current value of the
third attribute by selecting a class from the predeter-
mined set of classes for the third attribute having at ..
least one of (1) a highest probability and (11) a highest
confidence value.
16. The system according to claim 1, the processing
system configured to:
process the reference value and the current value of the
third attribute by at least one of re-sampling, filtering,
and scaling the reference value and the current value of
the third attribute, respectively.
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17. The system according to claim 1, wherein:

the first sensor 1s a temperature sensor and the {first
attribute 1s a temperature classification of the interior of
the cabin;

the second sensor 1s an air quality sensor configured to
detect a chemical compound 1n the air of the interior of
the cabin and the second attribute 1s a concentration
classification for the chemical compound 1n the air of
the interior of the cabin; and

the third attribute 1s an air quality classification of the
interior of the cabin.

18. The system according to claim 1, wherein:

the first sensor 1s an air quality sensor configured to detect
at least one chemical compound 1n the air of the interior
of the cabin and the first attribute 1s an air quality
classification of the interior of the cabin;

the second sensor 1s a video camera and the second
attribute 1s a feature of a video signal showing the
interior of the cabin; and

the third attribute 1s a cleanliness classification of the
interior of the cabin.

19. The system according to claim 1, the processing

system configured to:

output the determined change 1n the interior of the cabin
to a computing device that 1s operably connected to the
processing system.

20. A method for monitoring a scene in an interior of a

cabin of a vehicle, the method comprising;

receiving, with a processing system, a respective sensor
signal from each of a plurality of sensors, the process-
ing system being operably connected to the plurality of
sensors and having at least one processor, each sensor
in the plurality of sensors being configured to output
the respective sensor signal to the processing system, at
least one sensor in the plurality of sensors being
configured measure an aspect of the interior of the
cabin;

determining, with the processing system, during a first
time period, (1) a reference value for a first attribute of
the 1nterior of the cabin based on a first sensor signal
from a first sensor in the plurality of sensors, (1) a
reference value for a second attribute of the interior of
the cabin based on a second sensor signal from a second
sensor 1n the plurality of sensors, and (111) a reference
value for a third attribute of the interior of the cabin
based on the reference value for the first attribute and
the reference value for the second attribute;

determining, with the processing system, during a second
time period that 1s subsequent to the first time period,
(1) a current value for the first attribute of the interior of
the cabin based on the first sensor signal from the first
sensor 1n the plurality of sensors, (11) a current value for
the second attribute of the interior of the cabin based on
the second sensor signal from the second sensor 1n the
plurality of sensors, and (111) a current value for the
third attribute of the interior of the cabin based on the
current value for the first attribute and the current value
for the second attribute; and

determiming, with the processing system, a change in the
interior of the cabin by comparing the current value for
the third attribute with the reference value for the third
attribute.
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